According to the IPCC Fifth Assessment Report, air temperature and humidity of the future are expected to gradually increase over the current. In this study, future PMPs are estimated by using future dew point temperature projection data which are obtained from RCM data provided by the Korea Meteorological Administration. First, bias included in future dew point temperature projection data which is provided on a daily basis is corrected through a quantile-mapping method. Next, using a scale-invariance technique, 12-hour duration 100-year return period dew point temperatures which are essential input data for PMPs estimation are estimated from bias-corrected future dew point temperature data. After estimating future PMPs, it can be shown that PMPs in all future climate change scenarios (AR5 RCP2.6, RCP 4.5, RCP 6.0, and RCP 8.5) are very likely to increase.
Introduction
Huge disasters occurring more and more frequently have been one of very important issues in the world. Floods caused by torrential rains including super typhoons are giving loss of lives and causing enormous economic losses. Losses due to storm and flood damage are increasing every year and the occurrence of huge disasters caused by abnormal climate conditions reminds us of the need for a fundamental shift in the perception of each country's disaster prevention system. Frequent emergence of big disaster events means that the impact of climate change should be considered in the estimation procedure for the probable maximum precipitation (PMP) which should be applied to the design and evaluation of large hydraulic structures since the destruction of such large-scale hydraulic structures may cause a large loss of life and enormous economic losses.
According to the WMO (World Meteorological Organization) [1] , PMPs are defined as the maximum precipitation that may occur physically in a specific time period on a specific area. Since Paulhus and Gilman [2] conducted a study on the PMP estimation considering the physical state of the atmosphere, many studies have been performed. Myers [3] reviewed the historical reasons to apply the PMP approach to design the spillways of most large dams built in the United States and summarized the estimation procedures. After that, the US National Weather Service has been applied to a hydrometeorological method to improve the estimation method of PMP [4] .
WMO has published a number of reports describing standardized methods and procedures of the PMPs estimation from 1969 until recently. WMO [1] is divided into two methods for estimating PMPs: (1) hydrometeorological method to maximize rainfall events based on moisture maximizing processes and (2) statistical method to estimate PMPs in the case that various meteorological data are scarce. PMPs estimates based on hydrometeorological methods are most widely applied in the world. Detailed procedures applying to hydrometeorological methods are slightly different depending on the amount of available data or location of the basin 2 Advances in Meteorology [5] , and it is clear that the process that maximizes moisture conditions is the core in estimating PMPs. When estimating PMPs using hydrometeorological methods, the most common way to consider the impact of climate change is to use regional climate models (RCMs). In other words, the future climate information derived from RCMs is regarded as future new observations, and future PMPs are estimated using them. Kunkel et al. [6] analyzed global maximum precipitable water changes using several GCM results and estimated indirectly the change of PMPs through them. Using the atmospheric model RAMS (Regional Atmospheric Modeling System), Stratz and Hossain [7] reported that changes in land-cover condition cause a change in the hydrologic cycle, which results in a change of PMPs. Lagos-Zúñiga and Vargas M [8] also estimated futures PMPs by statistical methods and hydrometeorology methods using the future climate information derived from GCMs, and Rousseau et al. [9] also estimated future PMPs in accordance with the change of the maximum precipitable water calculated from the future climate information derived from RCMs. In general, it can be thought that future PMPs are estimated to reflect the changes in precipitable water (in practice, changes in the dew point temperature) rather than to reflect the changes in precipitation. This is because the uncertainty of the future temperature projection is much smaller than the uncertainty of future precipitation projection. For example, Lee et al. [10] estimated future Korean PMPs reflecting future precipitation scenarios derived from the Korea Meteorological Administration RCM. In their study, PMPs at the relatively distant future were estimated to have unrealistically large values. They concluded that these abnormal PMPs estimates were due to the big uncertainty of future precipitation projections.
Thus, this study pays attention to the change in the dew point temperature in order to investigate the extent of the change in PMPs taking into account climate change. In addition, since future dew point data provided by the Korea Meteorological Administration (KMA) RCM are given on a daily basis, 12-hour duration 100-year dew point temperatures are calculated by using a scaling-invariance technique to estimate future PMPs. This paper is organized as follows. The data used is described in Section 2. The PMPs are estimated using historical data in Section 3, and several methods to obtain the future climate information for estimating PMPs are described in Section 4. In Section 5, PMPs estimated at a certain future period are analyzed. Finally, Section 6 is a summary and conclusions.
Data

Observation Data.
In this study, the data of 62 weather stations that have been operated for more than 40 years by Korea Meteorological Administration are used, and the spatial extent of the data is shown in Figure 1 .
Meteorological data observed from 1981 to 2005 (the same as the control period of KMA RCM) are used. Hourly precipitation data and 3-hour-interval dew point temperature data are mainly used. Spatial resolution in the estimation of PMPs is 5 km × 5 km. Observation data for each site are extend into the gridded data (5 km × 5 km) using inverse distance weighting method. 
Future Climate Information
PMPs Estimation Using Historical Data
Basic Concept.
PMPs estimation by a hydrometeorological method is based on the method, which is recommended in WMO [12] . The core of PMPs estimation is to maximize observed extreme precipitation amount by using the relationship between the observed representative precipitable water and the theoretically maximum precipitable water, and to transpose the maximized extreme precipitation amount into other regions. The procedure of estimating PMPs is largely divided into 5 steps: identification of high-efficiency precipitation events, moisture maximization, transposition, enveloping, and PMPs calculation for each duration and for each effective area from enveloped Depth-Area-Duration (DAD) curves (see Figure 2) . The first step is to identify several major storm events as high-efficiency storms with the assumption that their precipitation efficiency has reached the maximum. Moisture maximization is the process adjusting moisture factors of high-efficiency storms to their maximum. The transposition is the process transposing the maximized precipitation into the area of interest. When transposing, the maximized precipitation is adjusted since meteorological characteristics of the area of interest should be taken into account. Enveloping means that enveloping values are taken from the DAD relation plotted according to the transposed storms, thereby maximizing the precipitation depth for various areas and durations. PMPs are the possible maximum precipitations that come from the application of the above DAD enveloping values for a region of interest.
Basic Equations.
Actual PMP estimation procedure is simplified to maximize moisture, to transport storms, and to envelope. Precipitation adjusted by moisture maximization and storm transposition is expressed as follows:
where AP is the adjusted precipitation, IP is the moisture maximization ratio, HT is the horizontal transposition ratio,
VT is the vertical transpiration ratio, OTF is the orographic transposition factor, and OP is the observed storm precipitation which is the spatially averaged precipitation and is derived from DAD relationship. That is, the observed precipitation is maximized by using the ideal maximum moisture conditions (moisture maximization), the maximized precipitation is transposed to reflect the ideal moisture conditions of the transition area (horizontal and vertical transition), and the transposed precipitation is finally adjusted to consider the effect of the mountains (orographic transposition). After obtaining adjusted precipitations from various major storm events, PMPs can be estimated by enveloping them with respect to storm durations and affected areas.
Moisture Maximization and Storm Transposition.
The efficiency of storm is closely related to the precipitable water of the atmosphere. The precipitable water is the total mass of water vapor in a vertical column of the atmosphere. However, direct measurement of precipitable water has many problems. To solve this issue, the storm efficiency is evaluated using the correlated relationship between precipitable water and surface dew point temperature. The moisture maximization ratio based on the moisture maximization efficiency concept is a major element for estimating PMPs.
Moisture maximization ratio of a storm in place, that is, without change in location, is calculated by simply multiplying the observed precipitation amount by the moisture maximization ratio IP . It represents the formula shown below [12] :
where
is precipitable water equivalent of the maximum persisting 12-hour 1000-hpa dew point temperature for the date of storm occurrence (plus 15 days) and ( 1 1 ) is precipitable water equivalent of the representative persisting 12-hour 1000-hpa dew point temperature.
As an example of the storm event which occurred at Gangreung from August 29th 2002 to September 1st 2002, the representative persisting 12-hour 1,000-hpa storm dew point is 21 .70 ∘ C and the maximum is 26.16 ∘ C. Hence, the moisture maximization ratio is computed from precipitable water values obtained from Table A.1.1 in Annex of WMO [12] : IP = 88.73/60.14 = 1.48.
Horizontal transposition ratio of a storm is the adjustment for the difference in maximum dewpoints between the original and transposed locations under no change in elevation. It is expressed as follows:
Vertical transposition ratio is the elevation adjustment and is expressed as follows:
Since the storm transposition process is based on the assumption of the geomorphological and meteorological homogeneity, the effects of terrain on precipitation should be considered. OTF provides quantifiable and reproducible analyses of orographic effects on PMPs as follows:
where is the orographically adjusted precipitation at target location and is the historically 24-hour maximum precipitation. The orographic relationship is defined as the linear relationship of the precipitation frequency values at 24-hour duration over a range of recurrence intervals between the source and target locations ( = 0.9239 + 80.334 in Figure 3 ). is entered as the -value to compute the target -value . According to Miller et al. [13, 14] , the upper limitation of moisture maximization ratio is recommended as high as 1.70. However, in order to see more clearly at the value of PMPs which change according to the climate change, to get reliable maximized precipitations and not to produce exaggerated maximized precipitation values, upper boundaries are defined for the maximization ratios: a maximum value is set to 2.0. This adjustment refers to Rousseau et al. [9] .
Storm transition ratio is divided into horizontal transposition ratio, vertical transposition ratio, and orographic transposition factor (OTF). Horizontal and vertical transition ratios' limits are set to 1.2 according to Miller et al. [13, 14] . The lower and upper bound of OTF are set to 0.5 and 1.5, respectively [15] [16] [17] . Table 2 shows the grid-averaged mean and standard deviation of PMPs estimated using historical data . The values of ( ) are standard deviation values. For the duration of 24-hour and effective area 25 km 2 , it can be seen that the average PMP is estimated to be about 760 mm, and its spatial standard deviation is about 101 mm (about 13% of averaged value). In order to confirm the spatial variability of PMPs, PMP maps of 12-hour duration and effective area 25 km 2 and 24-hour duration and effective area 10,000 km 2 are shown in Figure 4 . 
PMPs Estimation Using Historical Data.
Production of Future Climate Information for Estimating Future PMPs
where is the dew point temperature ( ∘ C), is daily average air temperature ( ∘ C), and RH is the daily relative humidity (%), respectively.
Bias Correction.
Since output-data of RCMs has usually biases to a degree, it is difficult to use it directly in climate change impact studies. In order to overcome this bias problem, a bias correction procedure which is the correction of model output towards observations has become a standard procedure [18] .
In this study, the bias correction for the dew point temperature is performed for each observation site and for each period of half-month from October to May, respectively. The bias correction is carried out using the Kernel density distribution mapping (KDDM) method. The KDDM estimates the cumulative probability density function (CDF) of each dataset using kernel density estimation and is implemented by quantile-mapping the CDF of a present climate variable obtained from the RCM onto that of the corresponding observed climate variable [19] . For instance, the CDF of data simulated as the first-half May dew point temperature driven by KMA RCM and that of the corresponding observed data are mapped onto each other. If the CDF of observed data is assumed to be ( ) and the CDF of RCM-driven data is assumed to be ( ), the bias-corrected value for can be obtained by −1 ( ( )), where −1 refers to the inverse function of . Matlab statistic toolbox function "ksdensity" is used to compute a probability density estimate.
Prior to correcting the bias of climate data obtained from the RCM, it is necessary to verify the adequacy of the bias correction method. Currently in Korea, a variety of bias correction methods have been applied ( [19, 20] ; and many others); verification of the adequacy of these methods has not been attempted.
First, using historical data and the corresponding RCMdriven data for calibration period (1981-1993), a functional relationship for correcting bias by KDDM method is built. Using the established functional relationship, the bias of the RCM-driven data for verification period (1994-2005) is corrected.
The results of the bias correction of RCM-driven data for verification period show that various statistics of biascorrected RCM-driven data are very similar to historical data. Figure 5 illustrates the reproducibility of the average dew point temperature at Sokcho site. In this figure, "obs1" and "control1" are the average of historical data and the corresponding RCM-driven data for calibration period, respectively. The "corrected1" is the average of the bias-corrected RCM-driven data for calibration period. The "obs2" and "corrected2" are the average of historical data and the corresponding bias-corrected RCM-driven data for verification period, respectively. In both calibration period and verification period, it can be confirmed that the bias-corrected RCMdriven data match the corresponding historical data overall. Hence, it is thought to be appropriate to apply the KDDM method for bias correction of dew point temperature.
Based on these results, the bias of future dew point data obtained from KMA RCM is corrected by using the KDDM method.
12-Hour Duration 100-Year Dew Point
Temperature. In order to estimate PMPs using hydrometeorological methods, 12-hour duration 100-year dew point temperature data are needed. In this study, these data are extracted from daily data using scale-invariance techniques [21, 22] . The straightforward approach is to assume that the relative variations between the present and future dew point temperature are the same for any duration shorter than 1-day.
Prior to applying scale-invariance technique to obtain future 12-hour duration 100-year dew point temperature data, it is necessary to verify the adequacy of the applied method. Using historical data for calibration period (1981-1997), a scale-invariance relationship to produce 12-hour duration 100-year dew point temperature data is built. Using the established relationship, 12-hour duration 100-year dew point temperature data for verification period (1998-2014) are produced from the corresponding daily data. Figure 6 (a) shows the linear relationship found between the scaling exponent ( ) and the order of the statistical moments. Therefore, one can assume wide sense simple scaling to hold for the investigated process. By adopting the properties of scale-invariance, -hour duration -year dew point temperature can be expressed as [21] 
where = /24 (hr), [ 1 ] = the expected value of annual maximum daily dew point temperature 1 , = the overall coefficient of variation by taking the square root of the averaged squared values of the coefficient of variation computed for the different durations, = the frequency factor, and = the scaling exponent corresponding return period . In (7), it is assumed that annual maximum daily dew point temperature series and annual maximum 24-hour duration dew point temperature series have established a linear relationship to each other. The values of and can be estimated by linear regression of the log-transformed expectations of dew point temperature against the corresponding logtransformed durations.
Figures 6(b) and 6(c) show that the 12-hour duration 100-year dew point temperature data produced by the scaleinvariance technique has a good consistency with the corresponding original data. Hence, it is thought to be appropriate to apply the scale-invariance technique for producing 12-hour duration 100-year dew point temperature data from the corresponding daily data.
Based on these results, scale-invariance relationships are constructed for each observation site and for each period of half-month from October to May, respectively. However, there is no choice but to be the difference between extreme dew point temperatures derived from the present climate RCM data and the corresponding observed extreme dew point temperatures (see Figure 7 ). Although present extremes are slightly overestimated, differences between present and observed extremes are at most approximately 20 mm. In addition, since future PMPs are compared with present PMPs (not observed PMPs), the effect of such differences on future PMP analysis would be limited.
Future annual maximum daily dew point temperature series obtained in the bias correction procedure can be fitted to as follows:
where and are coefficients representing a base rate and acceleration of annual maximum daily dew point temperature series, respectively. The origin of in (8) is 2004 in this study since KMA RCM starts its future simulation from 2005. The multiplier 0.5 is introduced to consider the coefficient a as a physical acceleration term. Figure 8 shows the projected annual maximum daily dew point temperatures at a specific period with the corresponding 95% confidence interval of trend analysis using (8) .
Using the established scale-invariance relationships and the quadratic trend (8) for future annual maximum daily dew point temperature series, future 12-hour duration 100-year dew point temperature data are calculated from the corresponding bias-corrected RCM-driven daily dew point temperature data, and the results are shown in Figure 9 . The effects of climate change can be considered by modifying the 1 in (7) according to the expected trend .
Future PMPs Estimation considering Climate Change
Future Dew Point Temperatures Rising Trend Analysis.
As a result of investing future 12-hour 100-year dew point temperature for climate change scenarios, future 12-hour 100-year dew point temperature has an upward trend, but the trend is not monotonic. In order to confirm when the future year reaching the highest dew point temperature is in each RCP scenario, the 12-hour 100-year dew point temperature projection data in July and August when most rainfall occurs are analyzed (Figure 10 ). Figure 10(a) shows the result of demonstrating when is the critical year in future extreme dew point temperature series derived under RCP 2.6. In the case of Station 1 (Sokcho site), the data reaches the maximum value in 2083, and after 2083, the data is decreased. The dotted line represents the average of years reaching the maximum value for each site. While the maximum value appears in about 2080 in the case of RCP 2.6 scenario, the extreme dew point temperature reaches the maximum value in about 2090 in the case of RCP 4.5 scenario. One can find that RCP 8.5 scenario shows the maximum value in 2100.
In addition, the trend of the extreme dew point temperature series is analyzed for each site and for climate change scenarios. Figure 8 shows the trend in various sites, and one can see that the trends are very similar. While the rising rate is increased by RCP 2.6, RCP 4.5, and RCP 8.5 order, the increasing pattern of RCP 6.0 differs from other RCPs.
Reflecting this result, the base years for estimating PMPs according to future climate change scenarios were determined to be 2040, 2080, and 2100. After resetting the moisture maximization ratios and various storm transposition ratios based on future 12-hour 100-year dew point temperature series, PMPs at the base years under climate change scenarios are estimated.
Future PMPs Estimation
Comparison of the Estimation Results according to Climate Change Scenarios.
In this section, future PMPs are estimated in the base years by using the dew point temperature projection based on RCP climate change scenarios, and the rate of change in future PMPs compared to current PMPs are investigated. Figure 12 shows the PMP change rate maps of duration 12-hour and effective area 25 km 2 and duration 24-hour and effective area 10,000 km 2 at the base year 2100. As can be seen in Figure 12 , PMPs change rate is larger at coastal regions than inland regions for all RCPs. In addition, one can see that changes in PMPs are spatially very different. Figure 13 shows the rate of change in future PMPs compared to current PMPs at the base years 2040, 2080, and 2100, respectively. For the base year 2040 under RCP 2.6, PMPs with more than 18-hour durations are generally expected to increase by about 10%. Additionally, PMP with duration 24-hour and effective area 25 km 2 is projected to increase by about 9%, and this means that PMPs may have a tendency to increase year by year by 0.8 mm. For the base year 2080 under RCP 2.6, PMPs with more than 18-hour durations are generally expected to increase by about 12%, but after 2080, PMPs are found to be decreased. The reason of this increase-decrease pattern is that future 12-hour 100-year dew point temperature series under RCP 2.6 have their maximum value at about 2080 (see Figure 11) . However, PMPs with relatively shorter durations are found to be increased persistently until 2100.
For larger that RCP 2.6, and PMPs at the base year 2080 and 2100 are found to have similar values. PMPs may have a tendency to increase year by year by about 2 mm until 2080, and after that, PMPs do not increase any more. For RCP 6.0, PMPs do not increase evenly with respect to durations and effective areas but generally are found to be persistently increased until 2100. PMPs at the base year 2100 are projected to increase by about 22%.
For RCP 8.5, the most extreme increases of PMPs are predicted. While PMPs for RCP 8.5 show a similar growth rate for other RCPs until 2040, after that, the growth rate is projected to grow significantly. In particular, this growth behavior becomes more evident with relatively longer durations and larger effective areas. PMPs with more than 18-hour durations are found to increase by about 30% at the base year 2010 compared to current PMPs, and this result is consistent with Kunkel et al. [6] who reported the change of future precipitable water in East Asia region. Figure 13 shows the result examining the PMP change with respect to the base years and climate change scenarios in terms of duration and effective area. The difference of PMP change for RCPs is not large, but after 2080, the difference for future climate change scenarios becomes clearer. In addition, for RCP 4.5 and 8.5, PMPs with longer durations and larger effective area are increased relatively larger. For RCP 6.0, the difference of PMP change for durations and effective areas is relatively small.
Comparison of Various Regional PMP Trends.
In this section, using PMPs estimated with duration 24-hour and effective area 25 km 2 , the change pattern in PMPs is investigated with focus on sites and RCP scenarios. Figure 14 shows the temporal behavior of PMP projection results with respect to sites and RCPs. Figures 14(a) and 14(b) can be drawn from RCP 2.6 and 4.5, respectively, and PMPs reach the maximum value in all 4 sites (Seoul, Busan, Daegu, and Namhae) at the base year 2080. After 2080, PMPs do not increase any more. Figures 14(c) and 14(d) is the result obtained from RCP 6.0 and 8.5, respectively, and persistently increasing trends are found in these sites, with the exception of Daegu for RCP 8.5. Figure 15 shows the difference of PMP projection results according to future climate change scenarios. For 3 sites (Seoul, Busan, and Daegu) in 2040, it is found that there is only a little difference in PMP projections obtained from all 4 RCPs. However, in the case of Namhae, PMPs under RCP 4.5 and 6.0 are larger. In 2080 and 2100, PMPs have the maximum value under RCP 4.5 or 8.5 at all 4 sites. However, one can find that differences between RCPs appear differently by inland regions (Seoul and Daegu) and coastal regions (Busan and Namhae). One should keep in mind that extreme events have greater spatial variability compared to mean values.
Conclusion
The estimation of probable maximum precipitations taking into account climate change impact is needed. Regional climate models such as the HadGEM3-RA are used as a tool to meet this requirement. In this study, future PMPs in Korea were investigated under climate change scenarios driven from the regional climate model developed by Korea Meteorological Administration with major focus on future dew point temperature projection. To investigate the variation of PMPs considering the impact of climate change, two procedures were performed:
(1) Reproduction of future climate information to estimate PMPs from RCM-driven outputs. After performing the bias correction procedure of future daily dew point temperature data driven by RCM, future 12-hour duration 100-year dew point temperature data was calculated from the corresponding daily data using the scale-invariance techniques.
Although the results appear different for each RCP scenario, it can be confirmed that PMPs have a generally increasing trend for all RCPs. Particularly, for RCP 8.5 which represents the most extreme, it can be found that PMPs are expected to be increased about 30% as compared to the present. This is consistent with Kunkel et al. [6] who reported that the increments in maximum precipitable water for the Korean Peninsula are approximately 20%-30% by 2071-2100.
However, the result will be different depending on climate models applied and a comprehensive climate change impact must be accounted in this fact. Further studies will be needed later for this issue.
In this study, the bias correction procedure and scaleinvariance technique were carried out. This procedure provides a consistent approach to account for climate change impact in the maximization of precipitable water. On average, the results for Korea show a mean increase of the PMP of about 15-30%, when comparing 1981-2005 versus 2081-2100. These results are quite representative for the territory of the Republic of Korea. Indeed, a clear increase of PMPs is reported, although with a high spatial variability. The results show an overall significant increase of future PMPs throughout the current century compared to the recent past.
